Bacterial flagella are particularly attractive bio-templates for nanotubes due to their tubular structures and small inner and outer diameters. In this work, flagella isolated from Salmonella typhimurium were used as templates for silica-mineralized nanotubes. The process involved pretreatment of flagella with aminopropyltriethoxysilane (APTES), followed by the addition of tetraethoxysilane (TEOS). By controlling the concentration of TEOS and the reaction time, we developed a simple and precise method for creating silica-mineralized flagella nanotubes (SMFNs) with various thicknesses of the silica layer. It is demonstrated that flagella can be utilized for the fabrication of SMFNs with tunable thickness. A thicker silica layer was obtained as the concentration ratio of TEOS and reaction time was increased. The present experimental evidence has shown the feasibility of using such fabrication techniques to manufacture nanotubes without genetic modification of flagella which retain the original morphology.
Introduction
Bionanotechnology that is at the interface of biology and nanotechnology has recently emerged as a powerful research area owing to the unique properties that can be obtained when materials are reduced in size and controllably functionalized with the use of biological molecules (DNA, amino acids, peptides, etc) and microorganisms (bacteria, viruses, fungi, etc). Biology has conveniently and elegantly developed bottom-up approaches to nanofabrication and in doing so has satisfied the production requirements for well organized nanoscale structures which can be utilized for engineering purposes. Specifically, biomorphic mineralization, a process in which bio-structures are used as templates for mineralization, is a very promising technique that can generate a variety of materials with morphologies and structures resembling those naturally existing in living things [1, 2] . The exploitation of bio-templates allows the production of new materials and devices by combining organic or inorganic deposition including metal particles, metal oxides, and many other miscellaneous compounds [3] [4] [5] . As such, bio-template design and manufacturing are areas of intense research for potential applications including solar cell energy conversion, semiconductors, or photocatalysis [6] [7] [8] .
Among the protein-based machinery used by microorganisms, bacteria flagella can be a particularly attractive template due to the structure's surface chemical groups which have metal ion-binding capability. The flagellum consists of protein subunits called flagellin and possesses inherent surface functionalities obtained through the amino acids coded by the flagellin gene [9] . The duality of flagellum being both a biological structure and a macro-molecular assembly with specific chemical groups allows for easy modification by genetic or chemical engineering. Disulfide bridges formed through S-S bonds, for example, can be easily used to form specific shapes out of the flagellum. In the natural state flagella exhibit self-assembled spiral and tubular nanostructures with an outer diameter of approximately 20 nm, an inner diameter of 2 nm and the length is 10 µm. With the small diameter and long length, these dimensions form a perfect tubular structure that is useful as a nanochannel for passing single stranded DNA. When properly formed and lined up, they also can be superb nanotube filters for the effective removal of ions from any aqueous solutions. Aside from having very attractive dimensions, bacteria flagella are extremely stiff and have an elastic modulus in excess of 10 9 Pa [10] . Lastly, they are highly durable and stable under high temperature (i.e. up to 60 • C) and extreme pH (i.e. pH 7 ± 4) which makes them adaptable to various laboratory protocols and available for applications which may require harsh environments [11, 12] .
As a part of our recent interests and efforts in exploitation of flagella as bio-templates, we reported the first synthesis of TiO 2 nanotube and showed it can be a good candidate for metal oxide nanotubes [1] . However, it still has a problem that it showed a strong tendency in crystallization at elevated temperatures during the lattice formation and thus the TiO 2 particles are not perfectly uniformly distributed on the surface of the flagellum filament. In this study, we utilize bacteria flagella isolated from S. typhimurium as a bio-template to develop methods for engineering silica-mineralized nanotubes in order to broaden the application range of the flagella template. Recently, special interest has been given to silica nanotubes, focusing on the similarity to carbon nanotubes. In particular, their intrinsic properties draw scientists' attention because their biocompatibility, simple chemical modifications and easy surface functionalization accessibility are highly versatile in bionanotechnology applications, such as single molecular detection and sensing [13, 14] . Therefore, we developed a simple process for the formation of a silica shell surface on a repolymerized flagella template without any intrinsic modification.
Silica-coated flagella have been previously reported [15] ; however, we attempt to find the main parameters affecting the properties of silica formation and growth on a flagella template. Thus, we focus on the characterization of the synthesis condition and parameters that may affect the process of silica formation. Here, we examine various factors such as the effects of the concentration of TEOS in solution and the reaction time on the deposition of silica. We demonstrate that controlling these factors is important for coating since the gradual growth of the silica shell led to extremely thick silica nanotubes. From our results, we could suggest how reaction time and TEOS concentration related to silica growth on the flagella template, which will be useful to establish the optimal conditions for preparing SMFNs.
Materials and methods

Repolymerization of flagella
All work was performed with repolymerized flagella isolated from S. typhimurium (SJW 1103) as described elsewhere [1, 11] . Five hundred milliliters of lysogeny broth medium (18.8 ml of 1 M K 2 HPO 4 , 1.2 ml of 1 M KH 2 PO 4 , 6 ml of 25% glucose, 5 g yeast extract, 5 g tryptone) were prepared. For inoculation, a 1 ml aliquot of frozen S. typhimurium was added to 250 ml of LB broth and grown for 16 h at 37 • C with constant shaking to aerate. The saturated cells were pelleted by centrifuging for 35 min at 4500g and resuspended in 1.2 ml polymerization buffer (0.01 M potassium phosphate buffer [pH 6.5], 150 mM NaCl). Flagella were mechanically isolated from the cells by vortexing for 12 min, and the cell bodies were pelleted out (15 min at 13 000 rpm). The supernatant fraction was centrifuged for 1 h at 35 000 rpm and 4 • C to separate flagella from the solution and resuspended 1 ml of polymerization buffer. The resulting suspension was purified and pelletized again by centrifuging for 15 min at 13 000 rpm and 4 • C. The supernatant was centrifuged for 1 h at 35 000 rpm and 4 • C. After discarding the supernatant, flagella were resuspended into 400 µl of polymerization buffer. In order to depolymerize flagella, the solution was placed in a water bath set to 65 • C for 5 min. A small fraction (50 µl) of supersaturated monomer solution was mixed with an equal volume of 2 M Na 2 SO 4 in 0.01 M potassium phosphate buffer pH 6.5 and allowed to sit for 45 min to create polymerization seeds. Lastly, the solution of flagella monomer and the seeds were combined and the mixture was allowed to polymerize for 36-40 h at room temperature. The repolymerized flagella can be stored at room temperature for one week and then at 4 • C for more than one year.
Silica coating on flagella templates
Silica structures were grown as follows in the sol-gel wet chemical method that was partially modified from the Wang et al method [15] . After the flagella repolymerization, 500 µl of flagella solution was mixed with 1 µl APTES (SigmaAldrich, #A3648) solution gently stirring until complete dissolution and the reaction tube was placed into ice-water for 5 min. TEOS (Aldrich, #333859) was then added to the APTES/flagella solution to carry out the silica growth reaction. For controlling coating thickness, the concentrations of TEOS were tuned to 2, 5, 10, 15 µl. After being continuously stirred, the solution was cooled in the ice-water again over a period of 20 min. Finally, the reaction tube was allowed at room temperature to proceed for different durations of time (5, 15, 30, 60 min) without any stirring. After reaction, the solution became turbid and white precipitates appeared, indicating silica was formed in the solution.
Characterization
The surface morphologies of the silica-mineralized flagella nanotubes (SMFNs) were observed using a field emission scanning electron microscope (FE-SEM, Zeiss Supra 50VP) operated at 2 kV. A small volume of diluted samples was dropped on a silicon wafer without staining and coated with platinum. The hollow inner channel of flagella in the silica nanotube was imaged with transmission electron microscopy (TEM, JEOL JEM 2100) at 80 kV by evaporating the solution on a carbon grid. Energy dispersive x-ray (EDX) spectroscopy was used to analyze the chemical composition of the nanotubes. For the cross-section view of the SMFNs, standard epoxy embedding techniques were used with minor modifications as described here. After centrifugation, the pelletized SMFNs were mixed with 2% agar, fixed with 2% glutaraldehyde followed by 1% osmium tetroxide as post-fix, and dehydrated with a graded ethanol series. Then, the SMFNs were infiltrated with the epoxy resins and cured at 60 • C overnight to solidify. Once the sample had been embedded, it was cut into sections to 100 nm thickness with a glass knife on a Leica EM UC6 Cryo-ultramicrotome. After slicing, the thin sections were mounted on a carbon grid, stained (2% uranyl acetate) for better contrast, and observed with TEM.
Results and discussion
The silica shell grown on the flagella template can be prepared by hydrolysis and successive condensation of TEOS in aqueous solution in the presence of APTES. The reaction mechanism is explained as several steps ( figure 1) . First, the repolymerized flagella produced by our methods (see section 2) served as the bio-template and provided the starting material to silica growth. Then, the addition of APTES to the flagella solution leads to the absorption of APTES on the surface of flagella through hydrogen bonding or electrostatic interaction between the amino group of APTES and the peptide compound surface of the flagella. Like on any substrate surface, the flagella surface requires the adhesion of APTES before the actual deposition begins by forming complexes with functional groups of the amino acids on the outer surface of the flagella to enhance the activity of the flagella surface. The second step is hydrolysis, in which ethoxy groups are replaced by OH groups. The hydrolysis of TEOS yields nucleating sites for the silica growth. In the third step, silicon hydroxides undergo polycondensation to form SiO 2 on the surface of these nucleating sites. The reaction mechanisms of silica shell formation are proposed as follows [16, 17] .
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where R is an alkyl group. Figure 2 shows the SEM images of the bare flagella and the SMFNs with reactive groups attaching directly to the template. It can be seen that bare flagella have a diameter of about 20 nm as shown in figure 2(a) . In contrast, the diameter of the SMFNs increased up to 90 nm and silica was deposited quite uniformly on the flagella surface, gelation aging time 15 min, and TEOS 5 µl ( figure 2(b) ). Also, it was confirmed that the synthesized silica shells have maintained the continuously linear morphology of the flagella, indicating that the flagella were not degraded during the reaction process.
In order to analyze the effect of TEOS concentration and reaction time on the hydrolysis and condensation reaction of silica in the presence of the flagella template, we examined the thickness (including flagella diameter) of SMFNs by changing two variables. It is clearly shown in figure 3 that by varying the addition of TEOS concentration to solvent, we could reproducibly synthesize these silica nanotubes on flagella templates in various sizes ranging from 50 to 400 nm on average. Reduction in TEOS concentration leads to the formation of thin shell thickness. The small amount of TEOS (2 µl) produced the thinnest silica shell of roughly 50 nm which did not grow up to 150 nm. In contrast, increasing the added concentration of TEOS (15 µl) resulted in a continuous growth of silica for the same reaction time and the thickness of the silica shell can be further increased over 350 nm. We note that the addition of TEOS enhanced the distribution of silica nanoparticles to improve nucleation and growth of silica shells through the surface functionalization with terminal amine groups of APTES.
The formation of silica growth is discussed in more detail as we examine the effect of reaction time. Four different time durations were used: 5, 15, 30, and 60 min, after mixing of APTES and TEOS. As the results show in figure 3, there were no observable SMFNs for short reaction times, especially 5 min in 2 µl TEOS concentration, and thin silica shells were produced in 5 min using 5 and 10 µl TEOS. In contrast, further increase of reaction time progressively increases the thickness of silica shell with high coverage on the flagella surface, which may be due to excess adsorption of APTES on the surface of flagella. In that case, APTES could be adsorbed on the surface of both the flagella and silica as multilayers, causing a dense arrangement of silica nuclei in the silica shell. Alternatively, nanotubes could fully grow to the thick SMFNs by way of continuous hydrolysis and condensation processes throughout the long reaction time. From the results of silica shell formation under different TEOS concentration and reaction time, we conclude that a low TEOS concentration and short reaction time are inadequate to synthesize SMFNs. However, by controlling these variables, a high density of silica loading for subsequent shell growth can be achieved, and the resulting thin and thick SMFNs fabrication can be accomplished.
In order to confirm the presence of flagella in the silica shell, TEM characterization was conducted for the sample of gelation aging time of 15 min, and TEOS 2 µl, as shown in figure 4(a) . As clearly evidenced in this figure, the silica shell was almost homogeneous in size all around the flagella surface. Furthermore, a hollow inner channel with uniform diameter was recognized in all resulting silica nanotubes, indicating there were flagella in the center of the silica shell. The centers of the SMFN in the TEM images demonstrate brighter contrast due to the smaller number of Si atoms than in the other parts of the SMFN. Finally, the TEM image demonstrated that the undulating form of the silica coating was possibly ascribed to the coatings being the result of multiple silica nanoparticles nucleating on the surface and growing until they coalesce together with increasing size, and eventually form a complete layer of silica shells. Beyond this, the chemical composition of the deposited silica material was verified by EDX spectroscopic analysis, which shows a large Si peak arising from the SMFNs ( figure 4(b) ).
The structure of SMFNs was further investigated by imaging cross-sections of the SMFNs, gelation aging time of 30 min, and TEOS 10 µl, as shown in figure 5 . Here we can see three distinguishable parts in figure 5(a) representing epoxy resin (light-colored background), silica (black/dark region) and the flagellum's inner hollow channel (white). A close look at the cross-section clearly reveals the interface between the silica shell and the flagellum's inner hollow channel at the edge of where the dark gray meets white ( figure 5(b) ). Our TEM imaging of SMFNs cross-sections is in excellent agreement with figure 4(a) and strongly supports the tubular structure interpretation. To get the elemental distributions in more detail, EDX line mapping was conducted across the dotted white line shown in the cross sectional TEM image (figure 5(c) inset) allowing for the spatial distributions of Si, O, and C to be obtained ( figure 5(c) ). The color solid lines in the figure were obtained after smoothing the data in y (weight (%)) using the method that assigns lower weight to outliers in the regression with the span size (0.4) of the moving average. It assigns zero weight to data outside six mean absolute deviations. These line scans reveal that the nanotube consists of measurable amounts of silica and oxygen, whereas the outside and core of the SMFN are rich in carbon. The weight (%) of Si in the core is apparently lower than that in the shell of the nanotube. Ideally, the nanotube should generate no Si signal in the core because of the hollow structure of the nanotube. However, some amount of Si is found due to scattered electrons reaching the Si nanotube. Even when using a small spot size and centering the beam in the middle of the nanotube, a minimal but still measurable emission of Si x-rays was observed. It should also be pointed out that the nanotube inner diameter cannot be accurately obtained by the Si inter-peak distance and is actually quite small (the maximum Si signal likely occurs when the beam is centered in the middle of the Si shell and not the interface between Si and flagella). Although the present measurements cannot completely rule out some interface mixing, all TEM observations showed distinct hollow structures that were very reproducible. In summary, the TEM cross-sections and EDX analysis reveal a core-shell structure SMFN that is consistent with a flagellum hollow core and Si-shell structure.
Conclusions
In summary, we used repolymerized S. typhimurium flagella as a bio-template to promote controllable growth of silica nanotubes via a simple hydrolysis and condensation method. Our results demonstrate that the thickness of SMFNs could be tailored over a wide range by simply changing the synthetic conditions, including the TEOS concentration and the reaction time. Addition of TEOS improved nucleation and growth of silica shells around the bio-template through surface functionalization of the flagella surface. Increasing reaction time allowed for completion of the hydrolysis of TEOS, nucleation, and growth of silica layers on the flagellum surface. The successfully fabricated SMFNs not only possess the intrinsic tubular flagella structure but also can be manipulated by tuning the silica shell thickness to meet a desired specification; this makes them a very promising nanostructure and may open up new opportunities in a range of fields concerning the selective detection or separation of biomolecules. In order to demonstrate the utility of SMFNs for a number of applications, further investigations will be performed to characterize energetics and mechanical properties such as electrical/electronic response of the SMFNs.
